Abstract: The hypothesis that the degree of hydration of poly(oxyethylene) (POE) in aqueous solution depends on the mole ratio of water molecules to ether oxygen atoms in the molecule has been verified by studying the isotropic Raman spectra in the O-H stretching region for four short-chain POEs (C 1 E n C 1 with n = 1−4). Excellent coincidence of the O−H stretching Raman band for all four POEs studied in the range of mole ratio H 2 O/O ether from 25 to 0.6 was observed, thus confirming the assumption stated above. A conclusion that all ether oxygen atoms in the POE molecule participate in hydrogen bonding with water molecules has been made.
Introduction
Studies of the hydration of poly(oxyethylene) (POE) (−OCH 2 CH 2 −) n have attracted research interest in recent years because of the opportunity to account for different intermolecular interactions, namely POE−water, POE−POE and water−water [1, 2] . Due to its unlimited solubility in water, POE has various technological applications [1, 2] and presents the simplest model of water soluble polymers. The interaction of this polymer with water can be regarded as resembling the hydration of more complex biopolymers. Accordingly, clarification of the mechanism of hydrogen bonding between POE and water is most important in continuous efforts to determine the role of water structure and hydration in biological solutions and suspensions, as well as in aqueous polymer solutions in general.
In our recent studies [3, 4] , we have explored the hydration of short-chain POE compounds, CH 3 OCH 2 CH 2 OCH 3 and CH 3 (OCH 2 CH 2 ) 2 OCH 3 , in aqueous solutions. The aim of the present study is to investigate the hydration of a series of short-chain POEs in aqueous solutions in an attempt to generalize the results from the previous studies and to establish an empirical relation between the number of water molecules hydrating one POE molecule and the number of oxygen atoms in it. The compounds studied are CH 3 (OCH 2 CH 2 ) n OCH 3 (abbreviated as C 1 E n C 1 ) with n = 1−4.
Experimental
Ethylene glycol dimethyl ether (or 1,2-dimethoxyethane) CH 3 
, and tetraethylene glycol dimethyl ether CH 3 (OCH 2 CH 2 ) 4 OCH 3 (C 1 E 4 C 1 )îf analytical grade were supplied by Katayama Chemical Industries, Osaka, Japan. Doubly distilled deionized water was used to prepare aqueous solutions of the four C 1 E n C 1 compounds with 17 different concentrations in the range up to mole fraction 0.47 of C 1 E n C 1 .The samples for Raman measurement were sealed in glass ampoules. Special care was taken to avoid dust contamination. The compositions of the aqueous solutions of the C 1 E n C 1 compounds studied are given Table 1 .
The Raman spectra were recorded in the usual 90 o scattering geometry with a polarization rotator in the exciting laser beam and an analyzer in front of the input slit of the spectrometer. The 488 nm line of an argon ion laser generating output power of 300 mW was used for excitation. The detection system was a computer-controlled optical multichannel analyzer with a spectral range of 2000 cm −1 that covers the whole O-H stretching bands and part of the C-H stretching bands. Every spectrum is an average of 1000 scans. The recorded spectra were corrected for the channel sensitivity of the spectrometer. The parallel (I || ) and the perpendicular (I ⊥ ) spectra of the scattered radiation were used to calculate the isotropic spectra (I iso ) using a relation [5] I iso = I || − (4/3)I ⊥ . Table 1 Compositions of aqueous solutions of C 1 E n C 1 compounds studied (n =1−4).
In order to account only for the influence of POE concentration all spectra are recorded at constant temperature (24 o C) and atmospheric pressure.
Results and discussions
Before discussing our present experiment results, we would like to review hydration of POE in water in different concentration regions.
Hydration of POE-overview
POE molecules are characterized with a well-expressed hydrophilic region at the oxygen atoms and a hydrophobic region at the ethylene groups. In contrast to structurally related polyethers with one CH 2 group less or more, i.e. poly(oxymethylene) or poly(oxytrimethylene), which are practically insoluble in water, POE is strongly hydrated at ambient temperatures and is effectively hydrophilic. One of the main factors for this behavior of POE is recognized as the existence of structural similarity between the oxyethylene unit and water. Experimental results show that POE molecules in aqueous solution, where they are well hydrated, prefer the trans−gauche−trans conformation for the O-CH 2 −CH 2 −O groups. In this conformation the distances between the oxygen atoms of the O-CH 2 −CH 2 −O groups (2.9Å) coincide essentially with those between the oxygen atoms of neighboring water molecules in bulk water (2.85Å), allowing proper incorporation of POE chains into the structure of liquid water [6] . The idea of a partially hydrophobic-like hydration of POE in dilute aqueous solutions is supported by the observed slightly increased partial molar volumes of water [7] [8] [9] , the reduced rotational mobility of hydration water [10] [11] [12] and the improved tetrahedral coordination [3, 4] of hydration water in dilute aqueous solutions of short-chain POEs compared to the case of pure water. There are, however, differences between the hydration of POE in dilute solutions and hydrophobic hydration. Generally, the hydrophobic hydration preserves or slightly increases the strength of hydrogen bonding between water molecules, while the opposite behavior is observed in the hydration of short-chain POEs, namely the strength of hydrogen bonding decreases gradually accompanied by improved tetrahedral coordination [3, 4, 13] . For low concentrations of POE, the weakening of the hydrogen bonds can be explained by the expansion of the inherent cavities in the water structure, required to accommodate the hydrophobic ethylene and terminal methyl groups of the polymer.
Raman and infrared spectroscopic studies have shown that the hydration of POE at higher concentrations gradually loses its hydrophobic nature, which suggests that another mechanism of hydration arises [3, 4] . The most developed network of hydrogen-bonded and tetrahedrally coordinated water molecules in aqueous solutions of POE is formed for a mole ratio of water molecules to oxyethylene monomer units around 2:1. The same ratio was found to correspond to the most compact solution structure according to Brillouin scattering and ultrasonic velocity studies [14, 15] . Such low number of water molecules hydrating one oxyethylene monomer unit also infers that a new type of interaction between water and POE molecules takes place instead of hydrophobic hydration in this range of concentrations.
The Raman and infrared O-H stretching spectra of aqueous solutions of POE indicate, however, that there still exist tetrahedral structures of water molecules having hydrogen bonding similar to that in bulk water [3, 4, 13] . Therefore, a tendency for the formation of relatively small and homogeneously distributed clusters of water molecules in the region of moderately concentrated solutions can be accepted. When water concentration is below the concentration of optimal hydration, that is 2:1 mole ratio of water molecules to oxyethylene monomer units, the tetrahedral structural pattern is broken down.
Recent Raman studies [16] of the hydration of C 1 E 1 C 1 at high concentrations up to mole fraction 0.99 show that the isotropic O-H stretching band can be decomposed into two components assigned to water monomers and water molecules that participate in clusters. Further analysis of the behavior of these components with concentration and temperature show that (1) almost all water molecules realize two hydrogen bonds through their hydrogen atoms, (2) water monomers always form a bridge between oxygen atoms of C 1 E 1 C 1 molecules, and (3) clusters of water molecules still exist at higher concentration, but the lack of the collective in-phase vibration at 3200 cm −1 shows that the water clusters are smaller than water pentamers.
Analysis of the Raman spectra
Examples of the recorded spectra are shown in Figure 1 . For extracting information about the hydration of POE from the observed Raman spectra, the O-H stretching band of aqueous solutions is normally decomposed into three components [3, [17] [18] [19] [20] . The first one at ca. 3200 cm −1 is attributed to tetra-coordinated water molecules connected with strong hydrogen bonds. The second component at ca. 3400 cm −1 is associated with O-H stretching vibrations of water molecules taking part in weaker hydrogen bonds, i.e. water molecules with weaker coordination with their neighbors. The third component at ca. 3600 cm −1 corresponds to weakly bound water molecules or "free" O-H oscillators. This division of the O-H stretching Raman band agrees in principle with the mixture model for interactions in water [17] . The integral intensity ratio of the 3400 cm −1 component to the 3200 cm −1 component calculated from the isotropic Raman spectra, R = I 3400 /I 3200 , expresses the degree of structural order (or disorder) in the hydrogen-bonded network in the solutions [3] . The ratio R reflects qualitatively the changes in the structure of water; the spectra with higher (or lower) R correspond to a lower (or higher) degree of coordination of water molecules in the hydrogen-bonded network. 
Elucidation of the hydration of C
In our previous studies [3, 4] , we have explored the hydration of C 1 E 1 C 1 and C 1 E 2 C 1 in dilute and moderately concentrated solutions using the parameter R. To complete this series of experiments, we report in this paper the studies of hydration for aqueous solutions of C 1 E 3 C 1 up to mole fraction 0.30. The concentration dependence of the parameter R is shown in Figure 2 , in comparison with the same dependence for C 1 E 1 C 1 taken from the literature [4] . As it was discussed in detail in [4] the first minimum around mole fraction 0.05 for C 1 E 1 C 1 corresponds to the strengthening of water structure as a result of hydrophobiclike hydration. The second, deeper minimum at mole fraction (m.f.) ca. 0.1 corresponds to the most compact structure of the solutions, namely the most developed hydrogenbonded network of water and POE molecules. Now we notice that the same tendency of two poorly expressed minima in R concentration dependence is observed for C 1 E 3 C 1 solutions as for C 1 E 1 C 1 solutions, but the first minimum is at ca. 0.025 m.f. and the second one is at ca. 0.5 m.f. It is clearly seen that both curves have the same shape, but the scale of mole fraction for C 1 E 3 C 1 is compressed twice compared to
This similarity of the concentration dependence of the parameter R makes us suggest that both C 1 E 1 C 1 and C 1 E 3 C 1 influence hydrogen bonding and water structure in the same way. A C 1 E 3 C 1 molecule contains four ether oxygen atoms, while a C 1 E 1 C 1 molecule contains two. Therefore, the ratio of the number of oxygen atoms in C 1 E 3 C 1 to the number of oxygen atoms in C 1 E 1 C 1 is 2, which coincides with the scaling coefficient of the R dependencies (0.05/0.025 for the first minimum and 0.1/0.05 for the second minimum). Taking this into account we may assume that the number of oxyethylene groups is a determining factor of the interaction of POE with water. The similarities in the dependencies of the parameter R on concentration for C 1 E n C 1 with different chain lengths also make us believe that there is a similarity in the hydration structure and hydration mechanism of POE in aqueous solutions.
We can generalize the empirical rule suggested above for C 1 E 1 C 1 and C 1 E 3 C 1 to include all of the C 1 E n C 1 compounds studied. C 1 E 1 C 1 , C 1 E 2 C 1 , C 1 E 3 C 1 and C 1 E 4 C 1 possess two, three, four and five ether oxygen atoms, respectively, in the molecule. This would mean that 30 molecules of C 1 E 1 C 1 act as 20 molecules of C 1 E 2 C 1 , or as 15 molecules of C 1 E 3 C 1 , or as 12 molecules of C 1 E 4 C 1 with respect to the hydration structure around the molecules of these compounds. Therefore, if the mole fractions (m.f.) of these C 1 E n C 1 compounds are related as m.f.
:20:15:12, the structure of water in these aqueous solutions should be perturbed in an equivalent way. We should expect accordingly that the O−H stretching band of the solutions would coincide with one another. In other words, we should expect the observation of the same hydration for the four C 1 E n C 1 compounds with different chain lengths at the same mole ratio of water molecules to ether oxygen atoms contained in the C 1 E n C 1 molecule.
To verify the hypothesis stated above, we have performed a validation experiment. Because we cannot determine the error in the calculation of R with sufficient accuracy, we are not using the parameter R to prove our hypothesis. Instead, as a clear and physically uncontroversial proof with an experimental error of less than 1%, we used direct comparison of sets of Raman spectra for aqueous solutions of different C 1 E n C 1 compounds with intentionally prepared concentrations according to the mole ratios stated above. We have analyzed the isotropic Raman spectra in the O−H stretching region of aqueous solutions of C 1 E n C 1 (n =1-4) at 17 compositions in the range of mole ratio H 2 O/O ether from 25 to 0.6. The exact compositions of the aqueous solutions studied are given in Table 1 and the relevant Raman spectra are shown in Figure 3 .
Direct comparison of the four spectra for C 1 E 1 C 1 , C 1 E 2 C 1 , C 1 E 3 C 1 and C 1 E 4 C 1 in each set of aqueous solutions shows total coincidence in the whole range of concentrations, and fully supports our assumption that hydration of POE does not depend on the length of the molecular chain but depends on the mole ratio of water molecules to ether oxygen atoms in the molecule. The observed slight mismatch in the low wavenumber wing arises due to the overlap with the C-H stretching bands which have specific shapes and intensities for every particular C 1 E n C 1 compound.
Conclusions
The hydration of short-chain POEs (C 1 E n C 1 (n = 1−4)) in aqueous solution has been studied by Raman spectroscopy through the O−H stretching band as a function of POE concentration up to mole fraction 0.47. Direct comparison of the isotropic O-H stretching spectra of the four C 1 E n C 1 aqueous solutions infers that the hydration of POE does not depend on the length of the molecular chain but depends on the mole ratio of water molecules to ether oxygen atoms in the molecule. In addition, a conclusion that all ether oxygen atoms in the POE molecule participate in hydrogen bonding with water molecules has been derived. 
